Introduction {#s1}
============

Chronic airway infections cause a progressive deterioration of lung tissue, a decline in pulmonary function and, ultimately, respiratory failure and death in cystic fibrosis (CF) patients [@pone.0052330-Sibley1]. CF airways are often colonized by opportunistic bacterial pathogens with *Pseudomonas aeruginosa* being one of the most regularly isolated organisms [@pone.0052330-Rajan1], [@pone.0052330-Lipuma1]. Other frequently isolated opportunistic bacterial pathogens include *Haemophilus influenzae*, *Staphylococcus aureus*, *Stenotrophomonas maltophilia* and *Burkholderia cenocepacia* [@pone.0052330-Gilligan1], [@pone.0052330-Govan1], a species included in the *Burkholderia cepacia* complex (Bcc).

Recently, molecular approaches for community profiling have revealed that CF airways harbor far more organisms that evade detection by routine cultivation than originally thought [@pone.0052330-Sibley2]--[@pone.0052330-Stressmann1]. It has been suggested that the bacterial community composition may be a better predictor of disease progression than the presence of stand alone opportunistic pathogens [@pone.0052330-Rogers2]. With this enhanced insight into the bacterial community composition of the CF airway researchers have begun to investigate the interspecies interactions that occur within these diverse polymicrobial infections and to examine the impact they may have on the disease progression and host response.

In this study, we have focused our attention on *P. aeruginosa* and *B. cenocepacia*, two important opportunistic pathogens that are rarely eradicated by antibiotic therapy and contribute significantly to the disease progression [@pone.0052330-Eberl1]. It was believed for sometime that the incidence of co-infection was low in most patients, with the occasional occurrence of super-infection of *B. cenocepacia* setting in on preexisting chronic *P. aeruginosa* infection leading to a rapid downturn in patient prognosis [@pone.0052330-Whiteford1]--[@pone.0052330-Jones1]. However, with the recent publication of numerous CF airway microbiome studies this position is being re-evaluated [@pone.0052330-Sibley3]--[@pone.0052330-Zhao1]. Indeed, the ecological interactions between these two bacterial species as well as the complex interplay between them and the host immune system during co-infections of the CF lung remains to be fully understood.

Here we examined the complex interactions between strains of *P. aeruginosa* and *B. cenocepacia* throughout growth in batch cultures, during attachment to plastic, in biofilm formation and in a mouse model of chronic infection with the aim to understand the impact of co-infecting bacteria on pathogenesis and bacterial physiology. A clear dominant negative effect of *P. aeruginosa* over planktonically grown *B. cenocepacia* was found, while a synergistic interaction between the two species takes place in biofilm formation *in vitro* leading to increased *P. aeruginosa* biomass. *In vivo* results demonstrated that the capacity of *B. cenocepacia* to establish long-term chronic infection was strongly damped by the presence of *P. aeruginosa* in both wild-type and CF mice. Nevertheless, *B. cenocepacia* altered the host inflammatory response in dual-species interaction. These observations suggest that co-infection of *B. cenocepacia* may facilitate *P. aeruginosa* persistence by interfering with host innate defense mechanisms.

Results {#s2}
=======

Competition between clinical and environmental pairs of *P. aeruginosa* and *B. cenocepacia* strains in planktonic co-cultures {#s2a}
------------------------------------------------------------------------------------------------------------------------------

The clinical and environmental pairs of *B. cenocepacia* and *P. aeruginosa* strains were investigated in planktonic co-cultures at five points during the growth curve (2, 4, 6, 8 and 24 hours). First, the respective paired strains had a similar generation time in pure culture (RP73 *versus* LMG16656 *P* = 0.128; E5 *versus* Mex1 *P* = 0.683) demonstrating similar bacterial growth during the early exponential phase. The analysis of the population dynamics of both paired clinical and environmental bacterial strains revealed that the *B. cenocepacia* growth significantly decreased from 8 h up to 24 h in the presence of *P. aeruginosa* (*P*\<0.05) ([Figure 1A, C](#pone-0052330-g001){ref-type="fig"}), whilst *P. aeruginosa* growth was not affected by the presence of *B. cenocepacia* (*P*\>0.05).

![Single and dual species batch growth curves and competitive index values.\
The two species were individually cultured or co-cultured at a 1∶1 ratio and grown for 24 h in NB medium at 37°C with vigorous aeration. Colony-forming unit counts (CFU) were determined at 0, 2, 4, 6, 8 and 24 h of bacterial growth. The results are the mean of Log (CFU ml^−1^) values of three separated assays. Key: (A) Growth of clinical *P. aeruginosa* RP73 and *B. cenocepacia* LMG16656 strains in single and dual cultures; (B) Competitive index (CI) and relative increase ratio (RIR) generated from single and dual cultures of clinical *P. aeruginosa* RP73 and *B. cenocepacia* LMG16656 strains; (C) Growth of environmental *P. aeruginosa* E5 and *B. cenocepacia* Mex1 strains in single and dual cultures; (D) Competitive index (CI) and relative increase ratio (RIR) generated from single and dual cultures of environmental *P. aeruginosa* E5 and *B. cenocepacia* Mex1 strains. CI and RIR were calculated as described in [*Materials and Methods*](#s4){ref-type="sec"}. Each value represents the mean of RIR and CI values from three separate assays, and the bars indicate standard deviations. \* = *P*\<0.05, \*\* = *P*\<0.01 in the Student\'s t test.](pone.0052330.g001){#pone-0052330-g001}

For a clearer comprehension of the differences in growth between *P. aeruginosa* and *B. cenocepacia* in single *versus* mixed cultures, we calculated the Competitive Index (CI) and a CI-like index, the Relative Increase Ratio (RIR). As shown in [Figure 1 (B, D)](#pone-0052330-g001){ref-type="fig"}, the CI of *P. aeruginosa* versus *B. cenocepacia* increased significantly until 24 h of bacterial growth and became significantly higher than the RIR at 8 h of bacterial growth (*P*\>0.05), suggesting a clear dominant negative effect of *P. aeruginosa* over *B. cenocepacia* growth in late-exponential and stationary-phase liquid culture, irrespective of strains origin. Similar findings were obtained for the interaction of clinical *B. cenocepacia* LMG16656 strain with the laboratory *P. aeruginosa* PAO1 strain ([Figure S1](#pone.0052330.s001){ref-type="supplementary-material"}).

Next, we explored the effect of secreted compounds produced by *P. aeruginosa* on the planktonic growth of *B. cenocepacia*, and vice versa. Supernatants of *P. aeruginosa* caused the inhibition of *B. cenocepacia* grown in planktonic conditions, whereas secreted compounds from *B. cenocepacia* did not affect *P. aeruginosa* in all strain pairs tested ([Figure S2](#pone.0052330.s002){ref-type="supplementary-material"}). These results were not due to an increase in nutrient levels, since the addition of concentrated unused growth medium to cultures of *B. cenocepacia* did not affect their growth (*P*\>0.05) ([Figure S2](#pone.0052330.s002){ref-type="supplementary-material"}). Taken together, these data demonstrate that *P. aeruginosa* as well as its extracellular products can inhibit *B. cenocepacia* growth in planktonic cultures.

*P. aeruginosa* and *B. cenocepacia* interaction during attachment to microtiter plates {#s2b}
---------------------------------------------------------------------------------------

Here, we quantified attached biomass of paired clinical and environmental *P. aeruginosa* and *B. cenocepacia* in single and mixed cultures in microtiter plates using the crystal violet (CV) assay. Results revealed that mixed colonies formed by the clinical *B. cenocepacia* LMG16656 and *P. aeruginosa* RP73 strains increased in mass only at 24 h of growth if compared to their pure culture counterparts (*P*\<0.01) ([Figure 2](#pone-0052330-g002){ref-type="fig"}). Very similar results were obtained when *B. cenocepacia* LMG16656 was grown with *P. aeruginosa* PAO1 ([Figure S3](#pone.0052330.s003){ref-type="supplementary-material"}).

![Biofilm formation by *P. aeruginosa* and *B. cenocepacia* strains in single and dual cultures.\
Bacteria were grown overnight in 96-well polyvinyl chloride flat-bottomed microtiter plates in NB medium at 37°C either individually cultured or co-cultured at a 1∶1 ratio or when individually cultured supplemented with sterile concentrated supernatant of the second organism at a final concentration of 1×. Biofilm biomass was quantified by staining with crystal violet and absorbance measurements at OD ~595~. The values are means of three separated assays, and the bars indicate standard deviation. \* = *P*\<0.05, \*\* = *P*\<0.01, \*\*\* = *P*\<0.001 in Student\'s t test. S = supernatant.](pone.0052330.g002){#pone-0052330-g002}

To test the interaction of *P. aeruginosa* and *B. cenocepacia* under attachment conditions, we challenged *P. aeruginosa* with supernatant from *B. cenocepacia*, and vice versa. Treatment with *B. cenocepacia* LMG16656 supernatant had a significant effect on attached biomass produced by *P. aeruginosa* RP73 alone (*P*\<0.01) even though it did not reach the value found in the presence of living cells. Similarly, attachment by the environmental *P. aeruginosa* significantly increased when cultures were supplemented with extracellular products of environmental *B. cenocepacia* ([Figure 2](#pone-0052330-g002){ref-type="fig"}) as well as when *P. aeruginosa* PAO1 cultures were supplemented with extracellular products of *B. cenocepacia* LMG16656 ([Figure S3](#pone.0052330.s003){ref-type="supplementary-material"}).

To determine the amount of each bacterium attached to the microtiter plates, we performed viable counts of bacteria detached from the wells of polystyrene plates (sessile cells) after an overnight incubation ([Figure 3A, B](#pone-0052330-g003){ref-type="fig"}). Data showed that the clinical *P. aeruginosa* RP73 and *B. cenocepacia* LMG16656 strains were present in mixed biofilm at roughly the same concentrations as found in pure culture, respectively (*P*\>0.05) ([Figure 3A](#pone-0052330-g003){ref-type="fig"}). Results obtained from the liquid (planktonic) fraction confirmed the previous findings from batch co-cultures experiments, where a dominant negative effect of *P. aeruginosa* RP73 on *B. cenocepacia* LMG16656 growth was found ([Figure 3C,D](#pone-0052330-g003){ref-type="fig"}). Very similar results were obtained when *B. cenocepacia* LMG16656 was grown with *P. aeruginosa* PAO1 ([Figure S4](#pone.0052330.s004){ref-type="supplementary-material"}). When we examined the paired environmental strains we found a dominant negative effect of *P. aeruginosa* E5 on both planktonic and sessile cells of *B. cenocepacia* Mex1 (*P*\<0.05) ([Figure 3](#pone-0052330-g003){ref-type="fig"}). Overall, these data indicate that *B. cenocepacia* positively affected *P. aeruginosa* attachment to microtiter plates, and that *B. cenocepacia* secreted products may play a role in increased attachment.

![*P. aeruginosa* and *B. cenocepacia* planktonic and sessile cells in single and dual cultures.\
Bacteria were grown overnight in 96-well polyvinyl chloride flat-bottomed microtiter plates in NB medium at 37°C either individually cultured or co-cultured at a 1∶1 ratio. CFU counts were determined at 24 h of bacterial growth in both planktonic and sessile fraction. Key: (A, left) Sessile cells of clinical pair (*P. aeruginosa* RP73 and *B. cenocepacia* LMG16656) in single and dual cultures; (A, right) Sessile cells of environmental pair (*P. aeruginosa* E5 and *B. cenocepacia* Mex1) in single and dual cultures; (B, left) Planktonic cells of clinical pair (*P. aeruginosa* RP73 and *B. cenocepacia* LMG16656) in single and dual cultures; (B, right) Planktonic cells of environmental pair (*P. aeruginosa* E5 and *B. cenocepacia* Mex1) in single and dual cultures; (C) CI and RIR mean values of sessile growth of *P. aeruginosa* versus *B. cenocepacia* (RP73 *versus* LMG16656, E5 *versus* Mex1); (D) CI and RIR of planktonic growth of *P. aeruginosa* versus *B. cenocepacia*. Each value represents the mean of RIR and CI values from three separate assays, and the bars indicate standard deviations. \* = *P*\<0.05, \*\* = *P*\<0.01, \*\*\* = *P*\<0.001 in Student\'s t test.](pone.0052330.g003){#pone-0052330-g003}

*B. cenocepacia* influences biofilm formation by *P. aeruginosa* {#s2c}
----------------------------------------------------------------

Biofilm formation was examined in clinical *P. aeruginosa* and *B. cenocepacia* strains grown in flow cells irrigated with cultures in FABL medium both singly and in combination. For these experiments, *P. aeruginosa* strains were tagged with mini-Tn*7gfp* and *B. cenocepacia* strains were visualized with Syto62. Image processing software was used to remove the Syto62 signal from the green fluorescent protein (GFP) signal of the *P. aeruginosa* cells. When grown alone, *B. cenocepacia* formed biofilms with a large microcolonies, whereas *P. aeruginosa* formed flat biofilms with little heterogeneity. When grown in co-culture, however, a significant alteration was evident in *P. aeruginosa* developed structures with a filamentous architecture within a mixed biofilm ([Figure 4](#pone-0052330-g004){ref-type="fig"}).

![Biofilm architecture in *P. aeruginosa* is influenced by *B. cenocepacia*.\
Images are of 4-day-old biofilms in flow cells in FABL medium. Key: (A) *P. aeruginosa* RP73; (B) *B. cenocepacia* LMG16656;(C) mixed culture of *P. aeruginosa* RP73 and *B. cenocepacia* LMG16656; (D) Quantification of biomass as determined using COMSTAT to estimate the percentage of *P. aeruginosa* cells as a function of the total biomass. For these experiments, *P. aeruginosa* was tagged with mini-Tn*7gfp*. *B. cenocepacia* was visualized with Syto62, as described in [*Materials and Methods*](#s4){ref-type="sec"}. Scale bars = 20 µm. Images shown are representative of 12 images from three independent experiments.](pone.0052330.g004){#pone-0052330-g004}

In order to quantify and compare the biofilm structures formed by the *P. aeruginosa* strains examined in the present study, we used COMSTAT software. *P. aeruginosa* biofilms showed significant structural differences in the presence of *B. cenocepacia* ([Table 1](#pone-0052330-t001){ref-type="table"}). The biomass, substratum coverage, average thickness, maximum thickness and surface area of the biomass all increased for biofilms grown in the presence of *B. cenocepacia* ([Table 1](#pone-0052330-t001){ref-type="table"}). Together, these findings show that co-cultivation of *B. cenocepacia* influences biofilm formation by *P. aeruginosa* leading to altered biofilm architecture and increased biomass under the conditions tested.

10.1371/journal.pone.0052330.t001

###### Characteristics of *P. aeruginosa*, *B. cenocepacia* and dual culture biofilm formation as measured by COMSTAT.

![](pone.0052330.t001){#pone-0052330-t001-1}

  Strain                   Biomass    Average thickness    Roughness
  ---------------------- ----------- ------------------- -------------
  **RP73**                3.0 (0.5)      14.1 (1.2)       0.11 (0.04)
  **LMG16656^T^**         2.2 (0.4)      11.9 (2.4)       0.22 (0.08)
  **RP73/LMG16656^T^**    5.3 (0.3)      26.3 (3.2)       0.62 (0.11)

Mean (standard deviation) taken from 10 image stacks.

Competition between *P. aeruginosa* and *B. cenocepacia* in a mouse model of chronic lung infection {#s2d}
---------------------------------------------------------------------------------------------------

To test whether the observed differences in planktonic growth and biofilm formation *in vitro* would equate to similar changes in an *in vivo* pathogenesis model, C57Bl/6NCrlBR mice were challenged with *P. aeruginosa* and *B. cenocepacia* embedded in agar beads by intratracheal inoculation. The effect of clinical (RP73- LMG16656) and environmental (E5-Mex1) pairs of strains in comparison with single infection on body weight over a 13-day period is shown in [Figure S5](#pone.0052330.s005){ref-type="supplementary-material"}. Mice infected with *P. aeruginosa* alone or paired with *B. cenocepacia* lost significantly more weight (and gained less weight) than mice infected with *B. cenocepacia* alone, regardless of the strains origin.

We measured mortality induced by bacteremia *versus* mice survival and bacterial persistence *versus* clearance as readouts of virulence in the agar bead mouse model. Mortality was low and occurred within the first 3 days of infection only in the presence of *P. aeruginosa*, with no significant difference between environmental and clinical strains in single and dual-species infection (*P*\>0.05) ([Figure 5A, B](#pone-0052330-g005){ref-type="fig"} and [Table S1](#pone.0052330.s006){ref-type="supplementary-material"}). When it occurred, bacteremia in co-infected mice was induced by both pathogens as indicated by similar bacterial load found in liver, kidney, spleen, and lungs in moribundus mice (data not shown).

![Virulence of *P. aeruginosa* and *B. cenocepacia* strains alone or in co-infection in mice.\
C57Bl/6 mice (A and B), *Cftr^tm1UNC^TgN(FABPCFTR)* (CF) and their congenic wt mice (C) were infected with *P. aeruginosa* and/or *B. cenocepacia* strains. Mortality induced by bacteremia (red) and survival (grey) were evaluated on challenged mice. Clearance (white) and capacity to establish chronic airways infection (green) after 13 days from challenge were determined on surviving mice infected with *P. aeruginosa* and *B. cenocepacia* strains alone or with pairs of clinical (A and C) or environmental (B) strains. The data are pooled from two to three independent experiments. Mortality and chronic infection are reported as median values. B6.129P2-*Cftr^tm1UNC^TgN(FABPCFTR) Cftr* ^+/+^ and B6.129P2-*Cftr^tm1UNC^TgN(FABPCFTR)Cftr^S489X/S489X^* mice co-infected with RP73-LMG16656 developed a higher rate of mortality when compared with C57BL/6NCrlBR mice (*P*\<0.05; see [Table S1](#pone.0052330.s006){ref-type="supplementary-material"}).](pone.0052330.g005){#pone-0052330-g005}

After 13 days of challenge, chronic infection was established in C57Bl/6NCrlBR mice infected by *P. aeruginosa* and *B. cenocepacia* alone or co-infected with mixed cultures with no significant difference between the clinical and environmental pairs (*P*\>0.05) ([Figure 5A, B](#pone-0052330-g005){ref-type="fig"}). However, only *P. aeruginosa* was recovered from the lungs of mice co-infected with *B. cenocepacia* strain (RP73 *versus* LMG16656: CFU/lung 7,8×10^4^ *versus* 0; E5 *versus* Mex1: CFU/lung 5.4×10^4^ *versus* 0) ([Table S1](#pone.0052330.s006){ref-type="supplementary-material"}). Overall, these results indicate that *P. aeruginosa* did not change its ability to establish chronic infection in the presence of *B. cenocepacia*. However, *B. cenocepacia* appeared to have difficulty in colonising the mouse lung during co-infection.

To test whether the microbial behavior observed in C57BL/6NCrlBR mice was also detectable in mice of other genetic backgrounds, including those that had a defective cystic fibrosis transmembrane conductance regulator (CFTR) gene, we examined clinical isolates in B6.129P2-Cftr^tm1UNC^ backcrossed into the C57Bl/6J background. Overall, it appeared that mortality was similar in both wild-type \[C57BL/6NCrlBR and B6.129P2-*Cftr^tm1UNC^* TgN(FABPCFTR) *Cftr* ^+/+^\] and CFTR genetic \[B6.129P2-*Cftr^tm1UNC^* TgN(FABPCFTR) *Cftr^S489X/S489X^*\] backgrounds when infected by RP73 and LMG16656 alone. However, RP73-LMG16656 dual-infection was significantly more virulent with regard to mortality in gut-corrected CFTR deficient mice and their congenic counterpart when compared with C57BL/6NCrlBR mice (*P*\<0.05) ([Figure 5C](#pone-0052330-g005){ref-type="fig"} and [Table S1](#pone.0052330.s006){ref-type="supplementary-material"}). Chronic infection was similar in all genetic backgrounds tested. However, in gut-corrected CFTR deficient mice and their congenic counterpart *B. cenocepacia* was recovered from the lungs of co-infected mice as a rare event (one mouse out of nine was chronically infected with both *P. aeruginosa* RP73 and *B. cenocepacia* LMG16656) ([Table S1](#pone.0052330.s006){ref-type="supplementary-material"}). Taken together, these results confirm that chronic infection seems to be unaffected by the mouse genetic background and CFTR mutation while the host may influence the outcome of the disease in term of acute virulence.

Host inflammatory response in mice infected with single and dual-species *P. aeruginosa* and *B. cenocepacia* {#s2e}
-------------------------------------------------------------------------------------------------------------

The inflammatory response of mice challenged with *P. aeruginosa* and *B. cenocepacia* alone or in co-infection, in terms of total leukocytes recruitment in the airways and cytokine production, was investigated. After 13 days of infection, mice challenged with clinical (RP73- LMG16656) pairs of strains had significantly more total leukocytes in their BALF compared to mice infected with *B. cenocepacia* LMG16656 alone (*P* = 0.0332) ([Figure 6A](#pone-0052330-g006){ref-type="fig"}). In particular, we observed a significantly higher number of neutrophils in co-infected mice compared to mice infected with *B. cenocepacia* alone (*P* = 0.0043). Macrophages were also significantly higher in number in co-infected mice compared to mice infected with *P. aeruginosa* alone (*P* = 0.0335).

![Total and differential cell counts in BAL fluid after 13 days of infection.\
The number of total leukocytes and in particular of neutrophils, monocytes and lymphocytes recruited in the airways were analyzed in BAL fluid (BALF) after 13 days of chronic lung infection with pairs of clinical (A) or environmental strains (B)). Values represent the mean ± SEM. The data are pooled from two or three independent experiments. Statistical significance by two tailed Student\'s *t*-test is indicated: \* *P*\<0.05, \*\* *P*\<0.01.](pone.0052330.g006){#pone-0052330-g006}

When infection was carried out with environmental (E5-Mex1) pairs of strains, mice co-infected had a higher number of total leukocytes recruited in their BALF than mice infected with *B. cenocepacia* Mex1 (*P* = 0.0018) alone ([Fig. 6B](#pone-0052330-g006){ref-type="fig"}), confirming and strengthening the results of clinical strains. A significantly higher number of neutrophils was observed in co-infected mice compared to mice infected with *B. cenocepacia* alone (*P* = 0.0099), while the recruitment of lymphocytes was significantly different from mice infected with *P. aeruginosa* and *B. cenocepacia* alone (*P* = 0.0001 and *P* = 0.0006, respectively). No significant differences were observed in the recruitment of macrophages.

Finally, we measured the concentration of cytokines and chemokines in the murine lungs. When we evaluated the clinical pair RP73-LMG16656, the expression of pro-inflammatory cytokine IL-1β and chemokines CCL2/JE and CXCL1/KC (homologues of human IL-8) in co-infected mice were significantly higher than in those infected with single strains alone \[IL-1β: *P* = 0.0477 (mixed *versus* RP73) and *P* = 0.0110 (mixed *versus* LMG16656); CCL2/JE: *P* = 0.0027 (mixed *versus* RP73) and *P* = 0.0024 (mixed *versus* LMG16656); CXCL1/KC: *P* = 0.0087 (mixed *versus* RP73) and *P* = 0.0152 (mixed *versus* LMG16656)\], while no difference in the level of CXCL2/MIP-2 was found ([Table 2](#pone-0052330-t002){ref-type="table"}). In the case of environmental strains E5-Mex1, a significantly higher level of the pro-inflammatory cytokine IL-1β was seen in co-infected mice compared to mice infected with single species alone \[*P* = 0.0586 (mixed *versus* E5) and *P* = 0.0134 (mixed *versus* Mex1)\] while no differences in the level of CXCL1/KC and CXCL2/MIP-2 between co-infection and single infections were observed ([Table 2](#pone-0052330-t002){ref-type="table"}). In addition, the chemokine CCL2/JE was significantly higher in co-infected mice than in those infected with *B. cenocepacia* alone (*P* = 0.0472). Overall, these data show that *P. aeruginosa* and *B. cenocepacia* co-infection could affect the host response by increasing airway inflammation in respect to single infection.

10.1371/journal.pone.0052330.t002

###### Cytokines and chemokines in lungs homogenates of C57BL/6NCrlBR mice after chronic infection.

![](pone.0052330.t002){#pone-0052330-t002-2}

  Bacterial strains                                IL-1β[a](#nt102){ref-type="table-fn"}   CCL2/JE[a](#nt102){ref-type="table-fn"}   CXCL1/KC[a](#nt102){ref-type="table-fn"}   CXCL2/MIP-2[a](#nt102){ref-type="table-fn"}
  ----------------------------------------------- --------------------------------------- ----------------------------------------- ------------------------------------------ ---------------------------------------------
  **RP73** [b](#nt103){ref-type="table-fn"}                     402±94^\#^                               28±2^\#\#^                                190±16^\#\#^                                   106±24
  **Co-infection**                                                799±138                                   51±5                                      413±54                                      130±41
  **LMG16656** [c](#nt104){ref-type="table-fn"}                  293±82^Δ^                                31±2^ΔΔ^                                  225±37^Δ^                                      76±34
  **E5**                                                          395±102                                   38±3                                      242±67                                      302±64
  **Co-infection**                                                696±101                                   38±5                                      202±24                                      150±35
  **Mex1**                                                       291±96^Δ^                                 24±2^Δ^                                    252±60                                      147±28

Cytokines and chemokines are expressed as pg/ml (mean±SEM).

Significant difference of *P. aeruginosa* RP73 single infection *vs* co-infected mice (^\#^ *P*\<0.05;^\#\ \#^ *P*\<0.01 Two-tailed student\'s t test).

Significant difference of *B. cenocepacia* LMG16656 single infection *vs* co-infected (^Δ^ *P*\<0.05; ^ΔΔ^ *P*\<0.01 Two-tailed student\'s t test).

Discussion {#s3}
==========

CF lung infections often involve more than one microbial species. The complex microbial communities of the CF respiratory tract provide an environment in which a number of bacterial species can interact and face continuous adaptative challenges. The significance of microbe-microbe interactions and the interplay of these communities with the host remain poorly understood. The goal of this study was to examine the interactions between *P. aeruginosa* and *B. cenocepacia* in co-culture, during biofilm development and mouse colonization, with the objective of better understanding polymicrobial infection and its possible role in pathogenesis. Furthermore, since both *P. aeruginosa* and *B. cenocepacia* are capable of adapting and controlling their development to suit the various environments they find themselves in [@pone.0052330-Coggan1], [@pone.0052330-Vial1] and are constantly evolving under selective pressures [@pone.0052330-Mira1], [@pone.0052330-Yang1], we examined a selection of clinical and environmental isolates in this study. The presented data show that the co-infection of *P. aeruginosa* and *B. cenocepacia*, particularly the clinical pair, regardless of the isolates origin, leads to increased biofilm formation and increased host inflammatory response in CF and non-CF mouse models of chronic infection. Overall, these results suggest that alteration of bacterial behaviour due to interspecies interactions may be important for disease progression.

Studies into microbial interactions during growth in complex media has already revealed that there are diverse mechanisms by which species can co-exist with other microorganisms competing for the same pool of resources [@pone.0052330-Hibbing1]. It has been demonstrated that the consumption of limited nutrients can shape the course of interaction between bacteria in co-culture [@pone.0052330-Sibley2], [@pone.0052330-Harrison1]. Here we have shown that the bacterial growth of *P. aeruginosa* in rich medium was not affected by the presence of *B. cenocepacia*, whilst a dominant negative effect of *P. aeruginosa* over *B. cenocepacia* growth was found at the end of logarithmic phase and during the stationary-phase of bacterial growth. This may involve simple resource competition or direct antagonistic effects [@pone.0052330-Harrison1]. Examination of spent culture supernatants, suggest that secreted compounds from *P. aeruginosa* could account for the disadvantage of *B. cenocepacia* in planktonic cultures when grown in co-culture with *P. aeruginosa*. This is consistent with previous work by Al-Bakri and colleagues [@pone.0052330-AlBakri1] who suggested that various *P. aeruginosa* secondary metabolites were functioning as inhibitory factors of *B. cenocepacia* growth.

An important feature of *P. aeruginosa* and *B. cenocepacia* infection is their ability of form biofilms, which is one of the contributing factors to reduced antibiotic efficacy and poor patient prognosis [@pone.0052330-Hiby1], [@pone.0052330-Coenye1]. Many properties of mono-species biofilms and their role in CF disease have been extensively studied [@pone.0052330-Hassett1]. However, the polymicrobial interactions within mixed biofilms have been examined in a small selection of studies associated with CF infection [@pone.0052330-Huber1]--[@pone.0052330-Lopes1]. Here we demonstrated the ability of both clinical and environmental isolates of *B. cenocepacia* to develop mixed biofilms with various strains of *P. aeruginosa*. Previous work has revealed that *B. cepacia* and *P. aeruginosa* strains, when simultaneously introduced into an un-colonized surface, produce a stable mixed biofilm [@pone.0052330-AlBakri1]. Our work builds on this finding by showing that the development of synergistic biofilms between various clinical strains of *B. cenocepacia* and *P. aeruginosa* leads to the generation of greater biomass than their mono-culture counterparts. Our results confirm that the biomass and the fitness of dual-species biofilm are not necessarily the sum of the characteristics of each single species. This is consistent with the emerging theme that some bacterial communities associated with chronic infection are gaining a fitness advantage from residing in multispecies biofilms [@pone.0052330-Dalton1].

As well as with the development of biofilms, interactions between microorganisms have been reported to influence virulence factor production and pathogenicity [@pone.0052330-Sibley2], [@pone.0052330-Duan1]. To investigate this in the context of the chronically infected CF lung we used the agar bead mouse model to characterize interactions between *B. cenocepacia* and *P. aeruginosa*. In this case to mimic the bronchopulmonary infection typical of CF patients, long-term chronic infection was established in mice [@pone.0052330-Bragonzi1], [@pone.0052330-Bragonzi2]. Our data have shown, that both clinical and environmental *P. aeruginosa* and *B. cenocepacia* strains, in single and dual-infection, induce mortality and chronic infection two weeks after bacterial challenge. No difference in the rate of induction of bacteremia in mice infected with single or both *P. aeruginosa* and/or *B. cenocepacia* was observed. However, our results did indicate that inflammation markers were increased by co-infection suggesting a significant contribution to lung damage by dual species than single one. This may impact the clinical disease in CF patients. Interestingly, in our experiments total bacterial numbers, recovered from the murine airways, did not differ between single and dual-infection, indicating that the greater inflammatory response due to dual-infection in murine airways could be influenced by virulence factor production in synergistic biofilms rather than by the amount of bacteria. This scenario is similar to that of pathogens belonging to other microbial species in other clinical disease [@pone.0052330-Stoicov1], [@pone.0052330-Kosai1].

Because virulence of a given pathogen is dependent on a specific host, we investigated interactions between *B. cenocepacia* and *P. aeruginosa* in other genetic backgrounds including CFTR deficient mice. The rate of chronic infection in single or co-infected mice seems to be unaffected by the mouse genetic background and CFTR mutation. This is consistent with our recent studies showing that long term chronic infection in murine lungs is established regardless of the CF genetic background [@pone.0052330-Paroni1]. However, the B6.129P2-Cftr^tm1UNC^ backcrossed into the C57Bl/6J background develop a higher rate of mortality in co-infection (RP73-LMG16656) when compared with C57BL/6NCrlBR mice suggesting that the host may influence the outcome of the disease in term of acute virulence.

It is important to note that co-infections with equal ratios of *P. aeruginosa* and *B. cenocepacia* most likely never occur in a CF lung where long standing *P. aeruginosa* infection with high levels are present when *B. cenocepacia* arrives. Further experiments are required to tease such scenarios out, for example, where *B. cenocepacia* would be added to already established chronic *P. aeruginosa* infection in order to mirror what occurs during progression of CF infection. In addition, given the diversity of bacterial strains associated with colonisation of the CF airway, further combinations of strains will need to be tested, particularly strains that have been residing in the airway for different lengths of time.

In conclusion, understanding the microbial community of the CF airway is of considerable importance as interactions between community members can potentially affect biofilm formation and virulence of pathogens. It is clear from our experiments that the complex interactions between bacteria in the host play important roles in this complex disease. Furthermore, these observations point towards the growing opinion that greater characterization and management of CF disease as a polymicrobial infection may unveil alternative treatment strategies.

Materials and Methods {#s4}
=====================

Ethics Statement {#s4a}
----------------

Animal studies were carried out in strict accordance with the Italian Ministry of Health guidelines for the use and care of experimental animals. This study was approved by the San Raffaele Scientific Institute (Milan, Italy) Institutional Animal Care and Use Committee (IACUC, Number 369). All efforts were made to minimize the number of animals used and their suffering.

Bacterial strains {#s4b}
-----------------

We investigated *B. cenocepacia* and *P. aeruginosa* strains before they managed to adapt to the CF niche, thus by examining a pair of 'pristine' environmental strains, and after they have adapted to the CF niche, thus by examining a pair of typical CF isolates. Two *P. aeruginosa* and two *B. cenocepacia* strains of clinical and environmental origin were used in this study: the non-mucoid clinical *P. aeruginosa* RP73 strain, isolated at the late stage of chronic infection from a CF patient [@pone.0052330-Bragonzi3]; the environmental *P. aeruginosa* E5 strain, isolated from red pepper [@pone.0052330-Bragonzi1]; the *B. cenocepacia* Mex1 strain, belonging to *recA* lineage IIIA, isolated from the maize rhizosphere in Mexico [@pone.0052330-Pirone1], [@pone.0052330-Bevivino1]; and the epidemic and fully sequenced *B. cenocepacia* LMG16656^T^ strain (ET12 reference strain), *recA* lineage IIIA, isolated from a CF patient [@pone.0052330-Hutchison1]. Strains were selected according to their origin and their similar degree of pathogenicity *in vivo* [@pone.0052330-Bragonzi1], [@pone.0052330-Bragonzi3], [@pone.0052330-Pirone1]. The *P. aeruginosa* RP73 and E5 strains were kindly provided by Prof. Burkhard Tummler (Klinische Forschergruppe, Medizinische Hochschule, Germany) and Gerd Doring (Institut für Medizinische Mikrobiologie und Hygiene, Germany). *B. cenocepacia* strain Mex 1 was kindly provided by Jesus Caballero-Mellado (Universidad Nacional Autonoma de Mexico, Cuernavaca, Mexico). *B. cenocepacia* LMG16656 (strain J2315) was obtained from BCCM/LMG Culture Collection, Laboratorium voor Microbiologie, Gent, Belgium. All strains were stored at −80°C in 30% (v/v) glycerol. Prior to assays, bacteria were streaked from frozen stock preparations onto Nutrient Agar (NA, Difco) plates and incubated at 30°C for 24--48 h.

Planktonic mono-culture and co-culture growth curves {#s4c}
----------------------------------------------------

All growth cultures were performed in Nutrient Broth (NB, Difco™) at 37°C and performed in triplicate. Co-cultures (50 ml) were inoculated by pure cultures of *P. aeruginosa* or *B. cenocepacia* grown to mid-exponential phase (OD~600~∼0.5--0.6), diluted to OD~600~ = 0.025, and combined in a 1∶1 ratio. Pure cultures of each organism was used for comparative purposes. At different growth stages (0, 2, 4, 6, 8 and 24 h), samples were serially diluted in sterile phosphate-buffered saline (PBS), plated on Tryptic Soy Agar (TSA) (Difco™) and incubated for 48 h at 37°C. On TSA, the two species were easily distinguished from each other by the appearance of their colonies and the difference in growth; i.e., *P. aeruginosa* colonies appeared after 24 h of incubation while *B. cenocepacia* colonies after 48--72 h. *B. cenocepacia* cells were also enumerated by plating serial dilutions of the planktonic co-cultures on *Burkholderia cepacia* selective agar (BCSA). The generation time of bacteria was calculated using the following equations: *K* = \[Log (CFU/ml) ~T5~−Log (CFU/ml) ~T2~\]/\[0,301×h (T5-T2)\], t = 1/k, where *K* is the number of generations occurring during the exponential phase of growth, T is the time, and *t* is the generation time. Competitive index (CI) and Relative Increase Ratio (RIR) were calculated, as described by Macho and colleagues [@pone.0052330-Macho1], by using colony forming unit (CFU) counts resulting from the growth of each strain in co-cultures and pure-cultures, respectively. The CI (CI = *P. aeruginosa*-to-*B. cenocepacia* ratio within the output sample, divided by the corresponding ratio in the inoculum, using growth results from co-cultures) was calculated at 4, 8, and 24 h. Mono-cultures for each organism were performed to calculate the RIR (RIR = *P. aeruginosa*-to-*B. cenocepacia* ratio within the output sample, divided by the corresponding ratio in the inoculum, using growth results from individual inoculations of each strain). Each value represents the mean of RIR and CI values from three separate assays, and the bars indicate standard deviations. \* = P\<0.05, \*\* = P\<0.01 in the Student\'s t test.

Preparation of supernatants of *P. aeruginosa* and *B. cenocepacia* strains {#s4d}
---------------------------------------------------------------------------

Overnight cultures (∼16 h) of *P. aeruginosa* and *B. cenocepacia* in 50 ml of NB were centrifuged at 8,000×g at 4°C and the crude supernatant was filtered through a 0.2-µm-pore-size filter (Millipore, Bedford, MA, USA). To ensure that no cells were present in the filtrates, 100 µl of the crude supernatant was spread onto NA agar plates, and the remaining supernatant was lyophilized aseptically on a Edwards Modulyo freeze dryrer (Edwards High Vacuum Ltd.). The dried supernatants from *B. cenocepacia* or *P. aeruginosa* cultures were resuspended in sterile distilled water to a 50-fold concentration and filter sterilized. As a control, sterile NB media was filtered, lyophilized and resuspended to a concentration of 50× in the same manner as the bacterial samples.

Planktonic growth of *P. aeruginosa* in the supernatant of *B. cenocepacia* and vice versa {#s4e}
------------------------------------------------------------------------------------------

An overnight culture of *P. aeruginosa* or *B. cenocepacia* was diluted to OD~600~ = 0.025 in 50 ml fresh NB. Immediately prior to the inoculation, sterile concentrated bacterial supernatant (50× stock) obtained from the counterpart organism was added to a final concentration of 1×, and the flasks were incubated at 37°C with shaking. As controls, pure cultures were grown in NB medium alone and in NB medium supplemented with concentrated NB medium to a final concentration of 1×. Aliquots were removed aseptically at defined time intervals (2, 4, 6, 8 and 24 h) and the OD~600~ was measured.

Quantification of attachment in microtiter plates {#s4f}
-------------------------------------------------

### Crystal violet assay {#s4f1}

Biofilm production assay was performed as described previously [@pone.0052330-Burmlle1], with minor modifications. The method used was based on staining biofilms with crystal violet (CV). Briefly, *B. cenocepacia* and *P. aeruginosa* strains were inoculated individually or at equal ratio (1∶1) from pure cultures grown in NB to mid-exponential (OD~600~∼0.5) phase into at least 6 wells of flat-bottomed 96-well polyvinylchloride microtiter plates (Greiner Bio-one, Frickenhausen, Germany). The final volume added to each well was 200 µl. Pure cultures of each organism were performed for comparative purposes. Plates were then sealed with Parafilm and incubated with shaking (100 rpm) at 37°C for 24 h. Then, the planktonic cell fractions of pure cultures and co-cultures were transferred to new microtiter plates while the attached cells were rinsed three times with 200 µl of phosphate buffered saline (PBS) to remove non-adherent and weakly adherent bacteria. Then, plates were air dried for 30 min before addition of 200 µl of 1% (w/v) crystal violet (CV). After 20 min of staining at room temperature, the excess CV was removed by washing the wells three times with 200 µl of PBS. The bound dye was dissolved using 200 µl of 95% (v/v) ethanol and absorbance at 595 nm was determined with a Victor^3^ Multilabel Counter (Perkin Elmer). Experiments were performed in triplicate and repeated in three independent experiments. The data was then averaged and the standard deviation was calculated. To compensate for background absorbance, OD readings from sterile medium, dye and ethanol were averaged and subtracted from all test values.

### Planktonic and sessile cells {#s4f2}

To correlate biofilm formation with the growth of planktonic *P. aeruginosa* and *B. cenocepacia* cells in each well, the planktonic cell fractions, which were transferred to new microtiter plates following 24 h of growth, were quantified by plating serial dilutions on TSA and BCSA agar plates. To enumerate the sessile (adhered) cells of *B. cenocepacia* and *P. aeruginosa*, the wells were rinsed three times with 200 µl of PBS to remove non-adherent and weakly adherent bacteria. Then, the biofilm was removed by scraping the surface of each well with 1 ml PBS and the recovered cells were suspended by vortexing for 30 sec. The number of sessile cells was determined by plating appropriate dilutions of biofilm samples on BCSA and TSA media. To ensure the complete detachment of the bacteria, CV (1%) assay was performed on each of the wells scraped, and absorbance determined at 595 nm.

### Effect of supernatant of P. aeruginosa on biofilm formation of B. cenocepacia and vice versa {#s4f3}

*B. cenocepacia* or *P. aeruginosa* strains were inoculated from pure cultures grown in NB to mid-exponential (OD~600~∼0.5) phase into at least 6 wells of flat-bottomed 96-well polyvinylchloride microtiter plates. Sterile concentrated bacterial supernatants were added into the wells to a final concentration of 1× from a 50× stock. The final volume added in each well was 200 µl. Cultures with no added supernatants were used as controls. Biofilm formation was examined by CV (1%) assay as described previously. Fresh growth medium plus 1× supernatant was added to the wells in order to obtain a background value, which was subtracted from values obtained from the wells containing cells. Plates were then sealed with Parafilm and incubated with shaking (100 rpm) at 37°C for 24 h.

Cultivation of biofilms {#s4g}
-----------------------

Biofilms were grown in three-channel flow cells with individual channel dimensions of 1×4×40 mm. The flow system was assembled and prepared as described previously [@pone.0052330-Ryan1], [@pone.0052330-Ryan2], with the modification of washing the system after sterilization with sterile milliQ water overnight. The substratum consisted of a microscope glass coverslip. Each channel was supplied with a continuous flow of FABL medium containing the relevant carbon source. For propagation of mixed-species biofilm populations, flow cells were inoculated with a mixture of overnight cultures of *P. aeruginosa* and *B. cenocepacia* diluted in a 0.9% NaCl solution.

For monospecies biofilms, overnight cultures of the *P. aeruginosa* and *B. cenocepacia* were used for inoculation. With arrested medium flow, the flow cells were turned upside down, and 250 µl of the diluted mixture was injected into each flow channel, using a small syringe. After 1 h, the flow cells were turned upside down, and the flow was resumed at a constant flow rate of 3.3 ml/h, using a Watson Marlow 205S peristaltic pump (Watson Marlow Inc., Wilmington, MA). After inoculation, each flow chamber contained 2×10^6^ CFU of *Pseudomonas* and 2.5×10^5^ CFU of *B. cenocepacia* for mixed-species biofilms and 2.5×10^5^ CFU of *Pseudomonas* for monospecies biofilms. The mean flow velocity in the flow cells was 0.2 mm/s. Biofilms were grown at 30°C. When possible, *B. cenocepacia* was visualized prior to image acquisition by staining the biofilm with a 0.1% solution of Syto62 in FABL medium containing 500 µM benzyl alcohol. The staining was allowed to progress for 15 min without arresting the flow to avoid biofilm detachment of the *Pseudomonas* strain. Using this relatively short staining time, *Pseudomonas* cells were stained at a relatively low level compared to *B. cenocepacia* cells.

Microscopy and image analysis of biofilms {#s4h}
-----------------------------------------

All microscopic observations and image acquisitions were performed on a Zeiss LSM510 confocal laser scanning microscope (CSLM; Carl Zeiss, Jena, Germany) equipped with an argon-krypton laser and with detectors and filter sets for monitoring green fluorescent protein (GFP) and Syto62 and for the recording of reflection (light) images. Images were obtained using a 63×/1.4 Plan-APOChromat differential interference contrast objective or a 40×/1.3 Plan-Neofluor oil objective. Multichannel simulated fluorescence projection (SFP) images, vertical *xz* sections through the biofilms, and simulated three-dimensional (3D) images were generated using the IMARIS software package (Bitplane). This software was used to remove the Syto62 signal from the GFP-fluorescent PAO1 cells. Images were further processed for display using Photoshop software (Adobe, Mountain View, CA). Biofilm images of the mixed-species consortia were obtained to quantify biomass as described previously [@pone.0052330-Ryan1], [@pone.0052330-Ryan2], using COMSTAT software. Twelve images from three independent biofilms were analyzed for each time point.

Mouse strains {#s4i}
-------------

C57Bl/6NCrlBR male mice, 6--8 weeks (Charles River), congenic gut-corrected CFTR deficient mice (B6.129P2-Cftr^tm1UNC^TgN(FABPCFTR), Case Western Reserve University) and homozygotes male and female, 5--16 weeks [@pone.0052330-vanHeeckeren1] were used. C57Bl/6NCrlBR mice were fed with standard rodent autoclaved chow (4RF21-GLP, Mucedola) while Cftr^S489X/S489X^ and Cftr^+/+^ mice were fed with high-fat rodent diet (Teklad 2019, Harland) and autoclaved tap water. All mouse strains were maintained in specific pathogen-free conditions.

Preparation of agar beads {#s4j}
-------------------------

The agar-bead models of *P. aeruginosa* and *B. cenocepacia* chronic lung infection was used [@pone.0052330-Bragonzi1], [@pone.0052330-Pirone1], [@pone.0052330-Bragonzi4]. Co-infection was established by embedding *P. aeruginosa* and *B. cenocepacia* strains in agar beads at 1∶10 ratio, respectively. Briefly, *P. aeruginosa* and *B. cenocepacia* strains were grown separately overnight at 37°C to the stationary phase, in Tryptic Soy Broth (TSB) (Difco™) or NB, respectively. Then, bacteria were harvested by centrifugation and re-suspended in 1 ml of PBS (pH 7.4). A starting amount of 5×10^9^ and 5×10^10^ CFU ml^−1^ for *P. aeruginosa* and *B. cenocepacia,* respectively, was used for inclusion in the agar beads according to the previously described method. The cells were added to 9 ml of NA pre-warmed to 50°C. This mixture was pipetted forcefully into 150 ml of heavy mineral oil (Sigma Aldrich) at 50°C and stirred rapidly with a magnetic stirring bar for 6 min at room temperature, followed by cooling at 4°C with continuous slow stirring for 20 min. The oil-agar mixture was centrifuged at 4,000 rpm for 20 min to sediment the beads and washed six times in PBS. The inoculum was prepared by diluting the bead suspension with PBS to 2--4×10^7^ CFU ml^−1^ of *P. aeruginosa* and 2--4×10^8^ CFU ml^−1^ of *B. cenocepacia*, in both single and dual species infections. The number of *P. aeruginosa* and *B. cenocepacia* CFU embedded in the beads alone or in combination was determined by plating serial dilutions of the homogenized bacteria-bead suspension on TSA and BCSA plates, respectively.

Mouse models of chronic lung single infection and co-infection {#s4k}
--------------------------------------------------------------

Mice were anesthetized by an intraperitoneal injection of a solution of 2.5% Avertin (2,2,2-tribromethanol, 97%; Sigma Aldrich) in 0.9% NaCl and administered in a volume of 0.015 mlg^−1^ body weight. Mice were then placed in dorsal recumbency and the trachea was directly visualized by a ventral midline incision, exposed and intubated with a sterile, flexible 22-g cannula (Becton, Dickinson, Italy) attached to a 1 ml syringe. Co-infection was established with a 100 µl inoculum of an agar bead suspension containing *P. aeruginosa* (1--2×10^6^ CFU) and *B. cenocepacia* (1--2×10^7^ CFU) at a multiplicity of infection (MOI) equal to 1∶10 (*P. aeruginosa*/*B. cenocepacia*). Mice were also infected with 1--2×10^6^ CFU ml^−1^ of *P. aeruginosa* or 1--2×10^7^ CFU ml^−1^ of *B. cenocepacia* embedded in agar beads for comparative purposes. Mice were observed daily for clinical signs, such as coat quality, posture, ambulation, hydration status and body weight. Acute infection was assessed as bacteremia in moribund mice. Lungs, spleens, kidneys and livers were excised, homogenized and plated onto TSA and BCSA plates, for *P. aeruginosa* and *B. cenocepacia*, respectively. Recovery of \>1,000 CFU of bacteria from cultures of multiple organs was indicative of bacteremia. Chronic infection was evaluated in surviving mice 13 days after challenge. Mice were sacrificed by CO~2~ administration and murine lungs were removed aseptically, homogenized in PBS and plated as above reported. Recovery of \>1,000 CFU from lung cultures was indicative of chronic infection.

BALF collection and analysis {#s4l}
----------------------------

The bronchoalveolar lavage fluid (BALF) was extracted with a 22-gauge venous catheter by washing the lungs three times with 1 ml of RPMI-1640 (Euroclone) with protease inhibitors (Complete tablets, Roche Diagnostic and PMSF, Sigma). Total cells present in the BALF were counted, and a differential cell count was performed on cytospins stained with Diff Quick (Dade, Biomap, Italy). BALF was serially diluted 1∶10 in PBS and plated on TSA and BCSA plates for *P. aeruginosa* and *B. cenocepacia* CFU counts, respectively.

Lung homogenization and cytokine analysis {#s4m}
-----------------------------------------

Lungs were removed and homogenized in 1 ml PBS with Ca^2+^/Mg^2+^ containing protease inhibitors. Samples were serially diluted 1∶10 in PBS and plated on the above agar media for CFU counts. Lung homogenates were then centrifuged at 14,000 rpm for 30 minutes at 4°C, and the supernatants were stored at −20°C for cytokine analysis. Murine IL-1β, CCL2/JE, CXCL1/KC and CXCL2/MIP-2 were measured in the supernatants of lung homogenates by ELISA (R&D DuoSet ELISA Development System, USA), according to manufacturer\'s instructions.

Statistical analysis {#s4n}
--------------------

*In vitro* data were analyzed using Two-tailed Student\'s *t*-test and ANOVA, considering *P*\<0.05 as the limit of statistical significance. All data were expressed as mean ± standard deviation (SD). *In vivo* data were represented as the means ± standard error medium (SEM), unless stated otherwise. Statistical testing was performed by chi-square test or Fisher\'s exact test (two-tailed) for categorical variables. Two-tailed Student\'s *t*-test was used for comparison of continuous variables. Differences were considered statistically significant at *P* values\<0.05.

Supporting Information {#s5}
======================

###### 

Single and dual species batch growth curves of laboratory *P. aeruginosa* PAO1 and clinical *B. cenocepacia* LMG16656 strains and the competitive index (CI) and relative increase ratio (RIR) values. (A) The two species were individually cultured or co-cultured at a 1∶1 ratio and grown for 24 h in NB medium at 37°C with vigorous aeration. Colony-forming unit counts (CFU) was determined at 0, 2, 4, 6, 8 and 24 h of bacterial growth. The results are the mean of Log (cfu/mL) values of three separate assays. Key: (A) Growth of laboratory *P. aeruginosa* PAO1 and *B. cenocepacia* LMG16656 strains in single and dual cultures; (B) CI and RIR generated from single and dual cultures of laboratory *P. aeruginosa* PAO1 and *B. cenocepacia* LMG16656 strains. CI and RIR were calculated as described in [*Materials and Methods*](#s4){ref-type="sec"}. Each value represents the mean of RIR and CI values from three separate assays, and the bars indicate standard deviations. \* = *P*\<0.05, \*\* = *P*\<0.01 in the Student\'s t test.

(TIF)

###### 

Click here for additional data file.

###### 

Effect of the supernatants on planktonic bacterial growth. (A) Effect of the supernatant of *P. aeruginosa* cultures on growth of planktonic cultures of *B. cenocepacia*. (B) Effect of the supernatant of *B. cenocepacia* cultures on growth planktonic cultures of *P. aeruginosa*. The two species were grown at 37°C with vigorous aeration in NB medium supplemented with sterile concentrated supernatant of the second organism at a final concentration of 1×. As controls, pure cultures were grown in NB medium alone and in NB medium supplemented with concentrated NB medium to a final concentration of 1×. OD~600~ was measured at 0, 2, 4, 6 and 8 h of bacterial growth. The means ± standard deviations for at least three separate assays are illustrated. \* = P\<0.05, \*\* = P\<0.01, \*\*\* = *P*\<0.001 in the Student\'s t test with respect to the pure cultures grown in NB medium; s = supernatant; NBc = concentrated Nutrient Broth medium.

(TIF)

###### 

Click here for additional data file.

###### 

Biofilm formation by laboratory *P. aeruginosa* PAO1 and clinical *B. cenocepacia* LMG16656 strains in single and dual cultures. Bacteria were grown overnight in 96-well polyvinyl chloride flat-bottomed microtiter plates in NB medium at 37°C either individually cultured or cocultured at a 1∶1 ratio or when individually cultured supplemented with sterile concentrated supernatant of the second organism at a final concentration of 1×. Biofilm biomass was quantified by staining with crystal violet and absorbance measurements at OD ~595~. The values are means of three separate assays, and the bars indicate standard deviation. \* = *P*\<0.05, \*\* = *P*\<0.01 in Student\'s t test. s = supernatant.

(TIF)

###### 

Click here for additional data file.

###### 

Laboratory *P. aeruginosa* PAO1 and clinical *B. cenocepacia* LMG16656 planktonic and sessile cells in single and dual cultures and the competitive index (CI) and relative increase ratio (RIR) values. Bacteria were grown overnight in 96-well polyvinyl chloride flat-bottomed microtiter plates in NB medium at 37°C either individually cultured or cocultured at a 1∶1 ratio. CFU counts were determined at 24 h of bacterial growth in both planktonic and sessile fraction. Key: (A) Planktonic (left) and sessile (right) cells of laboratory *P. aeruginosa* PAO1 and clinical *B. cenocepacia* LMG16656 in single and dual cultures; (B) CI and RIR mean values of planktonic growth of laboratory *P. aeruginosa* PAO1 versus clinical *B. cenocepacia* LMG16656. Each value represents the mean of RIR and CI values from three separate assays, and the bars indicate standard deviations. \* = *P*\<0.05, \*\* = *P*\<0.01 in Student\'s t test.

(TIF)

###### 

Click here for additional data file.

###### 

Weight change after infection with *P. aeruginosa* and *B. cenocepacia* alone or in co-infection. C57Bl/6NCrlBR mice were infected with *P. aeruginosa*, *B. cenocepacia* strains alone or in combination and monitored for weight change. Values are the mean daily weight gain over 13-day infection. Key: (A) Co-infection with clinical strains: mice co-infected with both pathogens lost significantly more weight than mice infected with *B. cenocepacia* LMG16656 alone from days 1 to 6; (B) Co-infection with environmental strains: mice infected with *P. aeruginosa* E5 alone or in coinfection lost significantly more weight than mice infected with *B. cenocepacia* Mex1 alone.

(TIF)

###### 

Click here for additional data file.

###### 

Colonization of murine lung with clinical and environmental *P. aeruginosa* and *B. cenocepacia* strains.

(DOCX)

###### 

Click here for additional data file.
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